We show that a single relativistic free electron can carry one or multiple qubits within its wave-function in Floquet-dressed basis and implement 1-qubit gates based on the electron interaction with designed optical pulses.
Fig. 1. The electron-laser interaction (a)
An illustration of our ultrafast transmission electron microscope (UEM), used to study the free electron qubits. (b) The electronic ladder states relative to the electron initial relativistic energy. The different colors denote the odd and even elements that contribute to the two states of the qubit. (c) An illustration of an electron wave-packet ("the initial quantum state") interacting with a designed optical pulse ("the gate") resulting in a modified electronic wave-function ("the final quantum state") inside the UEM.
In recent years, various techniques were introduced to manipulate electron quantum dynamics in free space. New capabilities for controlling the electron wave-function were developed in the Ultrafast transmission Electron Microscope (Fig. 1a) [5, 6] , such as the "Photon Induced Near-field Electron Microscopy" (PINEM) [7, 8] in which a relativistic electron is dressed by a strong electromagnetic field, resulting in a quantized, bi-directional, infinite ladder of electron energy levels, as shown in Fig. 1b . We consider the interaction with a pulse composed of several harmonics. We find that the complex interference of energy exchanges between these harmonics and the electron ladder-states can be aligned to induce sharp energy-selective transitions, enabling flexible manipulation of the electron wavefunction, as described in Fig. 1c . Our theory of electron-laser interaction provides the necessary building blocks for quantum information processing with the ladder-states of the electron.
We denote a laser pulse containing multiple harmonics by ( , ) = ∑ ( ) ( )
=1
, with the fundamental photon frequency and ( ) the electric field of the th frequency component along the electron path. The electron wave-function after the interaction can be written in a discrete energy basis representing the probabilities of photon exchange = | | 2 :
where is the "PINEM field" [9] for each harmonic of the EM field, given by
with the electron charge and the electron velocity. The final wave-function mixes together the PINEM fields of all harmonics. Using a stochastic gradient descent algorithm that searches for the optimal values of { } =1 , we design arbitrary energy spectra in both amplitude and phase. This way, we can initiate the electron state at any value on the Bloch sphere (and far richer states as well), and also implement qubit gates.
For the construction of a qubit | 〉 = |0〉 + |1〉 , we define a linear projection operator acting on the electronic wave-function | 〉 , giving the coefficients of the qubit state for complex and . The projection should be rank-2, so we define it to divide | 〉 into two "even and odd" parts such that
We show that as little as two frequencies , 2 can be used to generate any relative amplitude and phase (respectively with , 2 ) between the states |0〉 , |1〉 , and thus we are able to generate all possible 1-qubit states, as depicted in Fig. 2a . Importantly, the time evolution of the qubit state | ( )〉 = ( )| (0)〉 is given by [ | (0)〉 ], therefore each interaction operator induces a qubit operation such that = (These operations are different from the conventional gates since they commute). In order to measure the qubit state (Fig. 2b) we find the coefficients' amplitudes and phases by performing quantum state tomography, which is possible using a second PINEM interaction as was previously demonstrated [6] .
Fig. 2. Qubit state manipulations. (a)
A Bloch sphere with examples for qubit states and the corresponding calculated electron energy spectra representing each of them. The presented phase gate corresponds to = /5 and the amplitude gate for / = 3/7. All the described states were created by using two fields 1 and 2 at frequencies and 2 respectively. (b) Our scheme for measuring the state of a free electron qubit.
We can extend this scheme to general 1-qubit gates on multiple qubits. The new qubits will be defined on the electron energy ladder in a shifted comb with no mutual overlap. The main limitation is the energy spread of the electron gun relative to the photon energy ℏ of the pulse's fundamental harmonic. To initialize, we simply use an interaction with fractions of (for example, /2 or /3 for additional 1 or 2 qubits respectively), and then proceed normally with the gates described before. Although these qubits are not entangled with each other, this scheme allows us to define multiple repetitive qubits on a single electron, while interaction with a laser with fractional frequencies may enable swap-gates between these qubits.
To conclude, we propose a free electron carrying a qubit as a building block for quantum information processing. We rely on recent progress with the UEM to present a technique that successfully generates an arbitrary qubit state.
